INTRODUCTION
============

Tooth bleaching is a conservative and esthetic treatment for dental discoloration, which acts on the removal of pigments present in the tooth structure, making it whiter \[[@R1]\]. These dental discolorations are result of the deposition of intrinsic or extrinsic chromogenic pigments. The intrinsic discoloration is caused by the incorporation of chromogens components within the tooth structure during odontogenesis or after the tooth eruption. On the other hand, extrinsic discoloration occurs when external chromogens components such as coffee, tea, and wine are deposited on the tooth surface after eruption \[[@R1], [@R2]\].

In the last years, both carbamide and hydrogen peroxide have been used for dental bleaching with various techniques and concentrations. High and low concentrations of peroxides are used for in-office and at-home bleaching treatments, respectively \[[@R3]\]. Bleaching agents haves hydrogen peroxide as active component, which can be applied directly to tooth surfaces or produced from chemical reaction of sodium perborate or carbamide peroxide \[[@R4]\].

The penetration and diffusion of bleaching agent are due to enamel permeability, which allows the passage of ions and low-molecular-weight substances into the interior of the tooth through the prisms, reaching the dentin \[[@R1]\]. The light scattering and light absorption are properties of enamel and dentin, respectively \[[@R5]\]. Tooth color is highly influenced by alterations of the color of the subsurface dentin, thus making relevant the investigation of in-depth diffusion of bleaching agent within dental tissues \[[@R6]\]. A previous study \[[@R7]\] showed that bleaching efficacy on enamel and dentin is directly related to application mode and time, as well as to product composition and concentration. During the bleaching treatment, it may be possible to analyze quantitatively the color change using a colorimeter or spectrophotometer \[[@R8]\].

Nevertheless, there have been no studies evaluating the influence of tooth enamel thickness and presence of aprismatic enamel layer on the whitening effectiveness of underlying dentin. Thus, the aim in this study was to evaluate by spectrophotometry analysis the influence of different thicknesses of enamel on bleaching efficacy in depth, according to type of bleaching agent: carbamide peroxide (CP) and hydrogen peroxide (HP).

MATERIALS AND METHODS
=====================

Eighty bovine incisors were stored in a 0.1% thymol buffered solution, after being collected and disinfected. The select teeth were examined under a 4x magnifying glass (Carl Zeiss, Santo Amaro, SP, Brazil) in order to check for cracks or staining, which could possibly influence the results of this research. If a defect was found, the tooth was discarded and replaced. Then the teeth were stored in distilled water at 4 ºC, until the moment of their use.

The teeth crowns were separated from root at the cemento-enamel junction with the use of a double-faced diamond disk (KG Sorensen Ind. Com Ltd, Cotia, SP, Brazil) mounted on a low-speed dental hand piece under constant water irrigation. The blocks were obtained using a diamond-cutting disc coupled to a precision saw (Isomet 1000; Buehler, Lake Buff, IL, USA).

Two cuts were performed in both mesio-distal and cervical-incisal directions, resulting in one block of each tooth originated from most cervical region of the crown. Thereby, the enamel-dentin blocks with 4 mm length and 4 mm width were obtained from buccal surfaces of the teeth.

The enamel and opposite dentine surfaces were abraded with 600- and 1200-grit silicon carbide (SiC) abrasive papers (CarbiMet 2; Buehler, Lake Bluff, IL, USA) using a polishing machine (Arotec Ind. Com., Cotia, SP, Brazil), under constant water irrigation. The dentin was abraded until achieving 1.75 mm of thicknesses for all groups, and the enamel was abraded until achieving the different thicknesses for each experimental group \[0.5 mm planned (0.5E), 1.0 mm planned (1E), 1.0 mm unplanned - aprismatic (1AE), and absence of enamel (D)\]. The standardization of the enamel thickness was obtained using a digital caliper (Carl Mahr Esslingen GmbH, Göttingen, Germany).

In the interval between each application of abrasive paper, the specimens were cleaned with distilled water using an ultrasonic bath (T7 Type, CT Model; Thornton-Inpec Electronic Ltd, Vinhedo, SP, Brazil). Then each specimen was marked with a diamond bur \#1012 (KG Sorensen Ind. Com Ltd, Cotia, SP, Brazil) on one side to standardize the specimen position on the spectrophotometer.

The specimen staining was performed by immersion the tooth blocks in a black tea solution, which was changed at every 24 h for 6 days, the enamel and dentin surface remained in contact with the solution during whole time. The tea solution was produced by mixing up 100 mL of distilled boiled water for 5 min with 1.6 g of black tea (Leão Junior S.A., Curitiba, PR, Brazil) infused for 5 min. After this period of immersion in the staining solution, the specimens were stored in artificial saliva \[[@R9]\] during two weeks and daily changed for color stabilization. Prior spectrophotometer reading, the black tea dregs formed on the enamel and dentin surfaces were removed by a single operator using a rubber cup with a mixture of pumice and water (2:1 ratio) at low speed for 30 s each side \[[@R10]\].

The color analyses were performed on the underlying dentin (opposite to enamel surface) at four times: after staining with black tea (baseline) and after each of the three weeks of bleaching. The specimens were placed in a Teflon device (sample-holder) inside a light cabin (GTI Mini Matcher MM1e; GTI Graphic Technology Inc., Newburgh, NY, USA) to standardize the ambient light during color measurement process, and then specimens were subjected to reading using a spectrophotometer (CM-700d; Konica Minolta Investment Ltd Sensing Business Division, Shanghai, China), previously calibrated. The values ​obtained were quantified on the CIE Lab system as three coordinates (L\*, a\*, b\*) that define the color of an object within a three-dimensional color space. A microcomputer using On Color QC Lite software (Konica Minolta, Japan) was used to generate spectral measurements as a function of wavelength for data processing and analysis. The coordinate L\* represents the degree of lightness ranging from 0 (black) to 100 (white), the coordinate a\* evaluates the presence of pigments red (positive a\*) and green (negative a\*), and likewise the coordinate b\* refers to the pigments yellow (positive b\*) and blue (negative b\*) present in the specimens \[[@R1], [@R5]\]. The L\*a\*b\* system allows the numeric definition of a color as well as the difference between two colors using the following formula:

ΔE= \[(L~1~ -- L~ 0~)^2^ + (a~1~ -- a~ 0~)^2^ + (b~1~ -- b~0~)^2^\]^1/2^.

For bleaching procedures, dental blocks were fixed in a device and approximately 1.0 mm of bleaching agent was applied on enamel surface. The bleaching procedures were performed according to the following protocols (n = 10):

Groups 1, 2, 3, and 4: 10% CP (Whiteness Perfect; FGM Dental Products, Joinville, SC, Brazil). The gel was applied on enamel surface and stored at 37 °C for 4 h. The bleaching was performed daily for 21 days.

Groups 5, 6, 7, and 8: 35% HP (Whiteness HP Maxx; FGM Dental Products). The gel was applied on enamel surface for 45 min. Three bleaching sessions were accomplished, with a 7-day interval.

The CP gel was applied once daily for 4 h, whereas the HP gel was applied three times of 15 min each for a total time of 45 min. At every application, the gel was removed using cotton tipped applicators (Johnson & Johnson, São José dos Campos, SP, Brazil). At the end of the bleaching session, the specimens were washed thoroughly in running water, dried with absorbing paper, and stored in artificial saliva at a temperature of 37°C. After the end of each bleaching session, there was a 24-h-interval of storage of the specimens in artificial saliva aiming their rehydration before to perform the color readings.

Following exploratory data analysis, the variables ΔE, ΔL, Δa and Δb were subjected to 2-way analysis of variance (ANOVA) for repeated measures and Tukey's test at a significance level of 0.05. The factors considered were bleaching agent (in 2 levels) and enamel thickness (in 4 levels).

RESULTS
=======

Tables **[1](#T1){ref-type="table"}**-**[4](#T4){ref-type="table"}** present ΔE, ΔL, Δa, and Δb values according to bleaching agent and enamel thickness within each evaluated time: baseline x 1^st^ week of bleaching (ΔE1, ΔL1, Δa1, and Δb1), baseline x 2^nd^ week of bleaching (ΔE2, ΔL2, Δa2, and Δb2), and baseline x 3^rd^ week of bleaching (ΔE3, ΔL3, Δa3, and Δb3).

The data shows that the presence of at least 0.5 mm enamel reduced the bleaching effectiveness (higher ΔE) at all time points and for both bleaching agents (*p* \< 0.05). At times ΔE1 and ΔE2, groups treated with CP showed higher ΔE than HP, except group "E1A". Therefore, presence of the aprismatic enamel surface reduced significantly ΔE values in CP treated specimens. In general, there was little difference between specimens with 0.5 and 1.0 mm of enamel in terms of ΔE means. At time ΔE3, few differences were observed between CP and HP treatments and this outer enamel layer did not affect ΔE treated with HP and CP.

The findings in Table **[2](#T2){ref-type="table"}** showed that for all evaluated times and bleaching products, group "D" had higher ΔL means, compared to other groups (*p* \< 0.05). At times ΔL1 and ΔL2, groups treated with CP showed higher ΔL values in relation to HP, expect group "E1A" at time ΔL1. At time ΔL3, only the group "E1" treated with CP had higher ΔL mean than HP.

The red-green (a\*) coordinate data are illustrated in Table **[3](#T3){ref-type="table"}** (Δa); at the time Δa1, CP presented the lowest Δa values for groups "E0.5" and "E1" compared to HP. At time Δa2, CP had lower means than HP, except for group "D". At time Δa3, Δa values were similar for groups treated with CP and HP.

The Δb values are present in Table **[4](#T4){ref-type="table"}**, CP showed lower means with statistical difference in relation to HP, except for the group "E1A" at time Δb1. For beaching agents, at times Δb1 and Δb2 the group "D" had lower mean compared to other groups (*p* \< 0.05). At time Δb3, this group was significantly different only of "E1A" for CP and did not differ only of group "E0.5" when treated with HP.

DISCUSSION
==========

This study evaluated the influence of different enamel thicknesses and bleaching agents on the whitening efficacy in-depth, by using bovine tooth block previously stained with black tea. It reported that human and bovine teeth exhibit similar behavior during bleaching \[[@R11]\]. This behavior is due to morphological similarities and physicochemical characteristics between both enamel and dentin tooth hard tissues of human and bovine teeth, making them an alternative experimental source \[[@R12], [@R13]\].

In dental bleaching, gels containing both CP and HP are used, which were applied directly on enamel surface of specimens. Although reaction products involving CP and HP are same, i.e., oxygen-free radicals, studies have reported that action mechanism of these two agents is different, since the peroxide breakdown reaction resulting in radical releasing occurs differently. CP in contact with tooth surface dissociates into HP and urea. Subsequently, the urea continues to decompose into carbon dioxide (CO~2~) and ammonia (NH~3~^+^). On the other hand, HP dissociates into free radicals, which oxidize long-chain organic molecules responsible by discoloration of dental tissue cleaving their double bonds \[[@R14], [@R15]\].

With the purpose of analyzing bleaching efficacy, ΔE values ​were calculated as they show the numerical value of tooth color change between different times \[[@R8]\]. At times ΔE1 and ΔE2, the highest color change was found for groups treated with CP compared to HP, except unplanned enamel group "1AE". The presence of ammonia in CP elevates the pH making it alkaline, and thus potentiates the bleaching action \[[@R16]\]. Furthermore, presence of carbopol thickener, a water-soluble polymer, in its composition increases the half-life of CP and gradually releases HP, followed by its dissociation into free radicals \[[@R17]\]. Dietschi *et al*. \[[@R18]\] reported that home bleaching with CP has shown greater efficacy in whitening deeper structures such as dentin, due to the continuous and long release of hydrogen peroxide radicals, corroborating with the findings of this investigation.

In comparing groups according to bleaching agent within each evaluation time, it can be observed that group with absence of enamel (group "D") showed the highest ΔE (Table **[1](#T1){ref-type="table"}**). In this regard, enamel acts as a filter in the ions diffusion and substances through tooth due to the presence of prisms, so bleaching agents applied directly on the dentin surface have their action facilitated, allowing a higher color change. Eimar *et al*. \[[@R4]\] observed that oxidation reaction occurs in just organic content, but clinically the bleaching treatment should not be performed directly on dentin tissue.

At ΔE1 time, the presence of aprismatic enamel "1AE" influenced the CP bleaching, showing less color change in comparison with group without aprismatic enamel "1E". Enamel is formed by apatite crystals arranged as layers of prisms in different directions \[[@R19]\]. So, aprismatic layer is found in the most superficial area of enamel, in which crystals are arranged parallel to each other and perpendicular to enamel surface. In prismatic layer, however, crystals are found at different angles in a three-dimensional array and with irregular appearance \[[@R20], [@R21]\]. The aprismatic outer layer is more mineralized due to its higher amount of inorganic content, which makes surface denser and less permeable when compared to prismatic enamel \[[@R22]\]. This fact possibly interfered in CP penetration into tooth, but after three bleaching sessions this layer no affected bleaching effectiveness.

Nevertheless, presence of aprismatic layer did not affect bleaching in these same groups treated with HP. Probably due to its action mechanism and larger amounts of free radicals. The low molecular weight of HP facilitates its diffusion into tooth through the enamel prisms and organic matrix, towards dentin-enamel junction thereafter reaching the dentin. Moreover, viscosity of HP is lower than CP, because this last has carbopol in its composition increasing viscosity.

CP takes a longer dissociation of its products until HP release at low concentration (\~ 3.6%). On the other hand, as soon as HP gel is applied on tooth structure it dissociates, and such high concentration of ions will result in a quick whitening action. However, at time ΔE3 there was no difference between CP and HP, except for "1E" group. This finding can be directly associated with consecutive applications of bleaching agents. According to Hanks *et al*. (1993) \[[@R23]\] the diffusion of HP through tooth is related to number of applications, allowing longer exposure of the tooth to peroxide. Bernardon *et al*. \[[@R24]\] observed clinically that degree of bleaching achieved by the at-home and in-office techniques was similar. Also, Dietschi *et al*. \[[@R7]\] verified that after recommended number of applications, HP similar whitening effectiveness compared to CP, thus bleaching effect had as main factor the contact time with tooth surface.

This study also evaluated three-color coordinates (ΔL, Δa, and Δb) separately. Among these coordinates, L\* is the most important parameter to evaluate dental bleaching. Considering the human eye, changes in lightness are more easily detected than chromatic coordinates (a\* and b\*) \[[@R18], [@R25]\], which is a feature of great clinical relevance.

As regards the lightness (ΔL) coordinate (Table **[2](#T2){ref-type="table"}**), the groups had behavior very similar to those of ΔE. The groups treated with CP obtained higher ΔL compared to HP at times ΔL1 and ΔL2, except for the group "1AE" at ΔL1. The group "D" at all times for both bleaching agents showed higher ΔL differing from the other groups. The ΔE and ΔL are directly related one another, since ΔL values ​are included in the formula of ΔE. The bleaching products acted removing the chromogens from tooth structure, which facilitate their diffusion trough dentin in-depth and thus increase the lightness \[[@R5], [@R26]\].

Analyzing a\* coordinate (Table **[3](#T3){ref-type="table"}**), for groups treated with CP and HP there was significant difference among them at times Δa1 and Δa2. However, at time Δa3 was not observed difference between groups regarding the bleaching agents. Previous studies \[[@R1], [@R6]\] observed decrease in a\* color parameter, ranging from positive to negative values. Thus, specimens towards green color after bleaching sessions due to loss of red pigments obtained from tea staining \[[@R1]\], corroborating with findings of present investigation.

During the bleaching sessions was observed decrease in b\* coordinate (Table **[4](#T4){ref-type="table"}**) towards blue color, in accordance with Sulieman *et al*. \[[@R1]\]. Thus, yellow pigments present in tooth are broken in smaller molecules, making it clearer. As regards the time, Δb1 and Δb2 followed the similar behavior of ΔL, in agreement with Bengel \[[@R27]\] that verified major changes in the values ​of L\* and b\* coordinates after bleaching treatment. However, after 3 weeks of at-home and 3 sessions of in-office bleaching treatments, CP showed higher Δb than HP. Therefore, CP was more effective to remove the yellowness of teeth and aprismatic enamel not affect this property, once "1E" and "1AE" groups did not differ from each other.

The teeth staining by immersion in tea allows better evaluation of bleaching technique, since this method reproduces the pattern of intrinsic discoloration \[[@R1]\]. During processing of tea, it can be found polyphenolic chromogens, colorless theasinensins, and theaflavins that give red-orange color, in addition to thearubigins with brownish-rust \[[@R1], [@R28]\].

In this study, after staining a significant change in lightness was observed for dentin, it was also possible to observe a greenness in a\* and a blueness in b\* color parameters. After dental bleaching, dentin appeared lighter over weeks and while of higher delta means in the first 2 evaluation times for treatment with CP compared to HP, the end of treatment the at-home and in-office bleaching methods present effectiveness.

CONCLUSION
==========

The presence of aprismatic layer affected the results in the first and second week of bleaching with carbamide peroxide. The bleaching treatment was effective for both bleaching protocols at end of treatment. The absence of enamel facilitated the diffusion of bleaching agents, since the organic dentine characteristics that allow more action of free radicals in dental structure.
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###### 

∆E means (standard deviation) according to bleaching agent and enamel thickness for each time evaluated.

  ---------------------------------------------------------------------------------------------------------------------
  Bleaching agent                            Enamel thickness                       Time               
  ------------------------------------------ ------------------ ------------------- ------------------ ----------------
  10% Carbamide\                             0 mm enamel (D)    \*24.74 (5.22) a    \*34.60 (5.45) a   41.16 (5.95) a
  Peroxide                                                                                             

  0.5 mm enamel (0.5E)                       \*19.03 (3.06) b   \*27.77 (3.97) b    36.80 (3.08) ab    

  1 mm planned enamel (1E)                   \*16.64 (1.63) b   \*25.98 (3.43) bc   \*34.88 (3.38) b   

  1 mm unplanned enamel (aprismatic) (1AE)   11.19 (3.18) c     20.44 (5.21) c      31.55 (4.35) b     

  35% Hydrogen\                              0 mm enamel (D)    13.39 (2.85) a      28.43 (3.93) a     37.31 (4.63) a
  Peroxide                                                                                             

  0.5 mm enamel (0.5E)                       6.81 (1.68) b      16.49 (2.78) b      31.48 (3.42) b     

  1 mm planned enamel (1E)                   6.96 (2.87) b      16.64 (3.85) b      25.14 (2.65) c     

  1 mm unplanned enamel (aprismatic) (1AE)   8.03 (1.93) b      14.86 (3.47) b      28.26 (4.12) bc    
  ---------------------------------------------------------------------------------------------------------------------

Means followed by different lowercase letters comparing thickness within bleaching agent and evaluated time indicate significant difference (*p* ≤ 0.05). \*It differs from 35% hydrogen peroxide in the same thickness and time (*p* ≤ 0.05).

###### 

∆L means (standard deviation) according to bleaching agent and enamel thickness for each time evaluated.

  --------------------------------------------------------------------------------------------------------------------
  Bleaching agent                            Enamel thickness                      Time               
  ------------------------------------------ ------------------ ------------------ ------------------ ----------------
  10% Carbamide\                             0 mm enamel (D)    \*15.65 (4.17) a   \*23.40 (4.23) a   32.24 (4.53) a
  Peroxide                                                                                            

  0.5 mm enamel (0.5E)                       \*10.30 (2.89) b   \*15.89 (3.45) b   25.95 (2.59) b     

  1 mm planned enamel (1E)                   \*9.70 (1.53) b    \*16.02 (3.22) b   \*24.55 (3.33) b   

  1 mm unplanned enamel (aprismatic) (1AE)   5.47 (2.15) c      \*10.58 (3.70) c   19.75 (3.21) c     

  35% Hydrogen\                              0 mm enamel (D)    8.54 (2.32) a      19.58 (3.48) a     28.02 (4.32) a
  Peroxide                                                                                            

  0.5 mm enamel (0.5E)                       4.32 (1.24) b      9.62 (3.00) b      21.94 (2.08) b     

  1 mm planned enamel (1E)                   4.71 (2.55) b      9.88 (3.50) b      14.84 (3.50) c     

  1 mm unplanned enamel (aprismatic) (1AE)   4.46 (1.63) b      7.16 (2.20) c      19.54 (2.89) bc    
  --------------------------------------------------------------------------------------------------------------------

Means followed by different lowercase letters comparing thickness within bleaching agent and evaluated time indicate significant difference (*p* ≤ 0.05). \*It differs from 35% hydrogen peroxide in the same thickness and time (*p* ≤ 0.05).

###### 

∆a means (standard deviation) according to bleaching agent and enamel thickness for each time evaluated.

  -------------------------------------------------------------------------------------------------------------------
  Bleaching agent                            Enamel thickness                      Time              
  ------------------------------------------ ------------------ ------------------ ----------------- ----------------
  10% Carbamide\                             0 mm enamel (D)    -5.54 (1.88) a     -4.13 (3.01) b    -0.14 (2.99) b
  Peroxide                                                                                           

  0.5 mm enamel (0.5E)                       \*-7.36 (2.13) a   \*-8.49 (2.36) a   -5.89 (2.51) a    

  1 mm planned enamel (1E)                   \*-6.08 (1.74) a   \*-7.41 (3.09) a   -6.18 (3.51) a    

  1 mm unplanned enamel (aprismatic) (1AE)   -5.81 (0.78) a     \*-9.03 (1.48) a   -9.61 (2.00) a    

  35% Hydrogen\                              0 mm enamel (D)    -3.80 (1.09) a     -4.33 (2.23) b    -2.00 (3.34) b
  Peroxide                                                                                           

  0.5 mm enamel (0.5E)                       -2.62 (0.71) a     -5.41 (1.62) a     -5.24 (1.92) ab   

  1 mm planned enamel (1E)                   -2.17 (1.00) a     -5.15 (2.44) a     -6.71 (3.77) a    

  1 mm unplanned enamel (aprismatic) (1AE)   -4.02 (0.95) a     -7.07 (2.06) a     -6.59 (2.07) a    
  -------------------------------------------------------------------------------------------------------------------

Means followed by different lowercase letters comparing thickness within bleaching agent and evaluated time indicate significant difference (*p* ≤ 0.05). \*It differs from 35% hydrogen peroxide in the same thickness and time (*p* ≤ 0.05).

###### ∆b means (standard deviation) according to bleaching agent and enamel thickness for each time evaluated.

  ----------------------------------------------------------------------------------------------------------------------------
  Bleaching agent                            Enamel thickness                         Time                 
  ------------------------------------------ ------------------- -------------------- -------------------- -------------------
  10% Carbamide\                             0 mm enamel (D)     \*-18.18 (3.61) a    \*-24.94 (3.85) a    \*-25.20 (5.23) a
  Peroxide                                                                                                 

  0.5 mm enamel (0.5E)                       \*-13.87 (2.62) b   \*-20.84 (3.38) b    \*-25.18 (3.18) a    

  1 mm planned enamel (1E)                   \*-11.87 (1.65) b   \*-18.65 (2.99) bc   \*-23.59 (3.04) ab   

  1 mm unplanned enamel (aprismatic) (1AE)   -7.70 (2.70) c      \*-14.70 (4.50) c    \*-22.49 (3.65) b    

  35% Hydrogen\                              0 mm enamel (D)     -9.46 (2.07) a       -19.90 (3.13) a      -23.79 (5.68) a
  Peroxide                                                                                                 

  0.5 mm enamel (0.5E)                       -4.47 (1.33) b      -11.97 (2.02) b      -21.86 (2.95) ab     

  1 mm planned enamel (1E)                   -4.29 (2.07) b      -11.84 (3.26) bc     -18.57 (2.17) b      

  1 mm unplanned enamel (aprismatic) (1AE)   -5.16 (1.49) b      10.59 (3.37) c       -19.19 (3.11) b      
  ----------------------------------------------------------------------------------------------------------------------------

Means followed by different lowercase letters comparing thickness within bleaching agent and evaluated time indicate significant difference (*p* ≤ 0.05). \*It differs from 35% hydrogen peroxide in the same thickness and time (*p* ≤ 0.05).
